One sentence summary: The need for new anode-respiring strains was approached and the exoelectrogenic capacity of Cupriavidus metallidurans CH34 during toluene degradation was assessed for the first time in this study.
INTRODUCTION
Oil spills and leaks are frequent during routine operations such as exploration, production, refining, transportation and storage (Das and Chandran 2011) and can impact both soil (Hilpert and Breysse 2014) and groundwater (Holliger et al. 1997; Teng et al. 2013; Fuentes et al., 2014 Fuentes et al., , 2015 . Even small oil spills cause serious ecologic damage as specific hydrocarbons are mutagenic and/or toxic for water and soil biota (Tang et al. 2011; Brussaard et al. 2016; Fuentes et al. 2016) . Some oil components have been recognized as carcinogenic and neurotoxic for humans (Ritchie et al. 2010) , such as the BTEX compounds (benzene, toluene, ethylbenzene and xylenes) that are aromatic hydrocarbons and main constituents of gasoline (Careghini et al. 2015) . Toluene is a model hydrocarbon very well known for its toxicity (Ritchie et al. 2010) . The relatively low water solubility of toluene (Fuentes et al. 2014) increases the bioavailability in environmental matrices. Nonetheless, toluene is a priority pollutant for the Environmental Protection Agency (US, EPA) and is one of the substances restricted under the European Regulation on Registration, Evaluation, Authorization and Restriction of Chemicals (REACH).
Physical, chemical and biological (bioremediation) approaches have been studied and applied for hydrocarbon removal from contaminated soil and water (Okoh 2006) . Bioremediation exploits the catabolic capabilities of organisms to remove the pollutants (Atlas 1995; Das and Chandran 2011; Gkorezis et al. 2016) , and is among the most environmentally friendly and cost-effective strategies (Tyagi, da Fonseca and de Carvalho 2011; Fuentes et al., 2014 Fuentes et al., , 2016 . During aerobic degradation of aromatic hydrocarbons, oxygen acts as electron acceptor and is also involved as co-substrate in the initial hydroxylation reactions catalyzed by mono-and dioxygenases (Naik and Dubey 2017) . Under anoxic conditions, the lack of oxygen limits the biodegradation rate and leads to the need of its replacement (Morris and Jin 2012) . Oxygen can be introduced into groundwater for example by air sparging. However, this technology can present limitations. The slow transfer of O 2 into the liquid phase and fast consumption due to a high activity of microbial communities at high loads of organic nutrients often results in O 2 becoming quickly limited or completely depleted. Moreover, oxygen consumption can be very fast and thus rate limiting, and there is the possibility of excessive microbial growth leading to biofouling and the subsequent obstruction of the aeration wells (Crawford and Rosenberg 2013) . In addition, ferrous ions (Fe 2+ ) present in the aquifer can be oxidized to ferric ions (Fe 3+ ), resulting in the formation of iron-containing precipitates (Crawford and Rosenberg 2013) . However, oxygen can be replaced by other electron acceptors, such as soluble ones (e.g. NO 3 -) or electrodes in Bioelectrochemical Systems (BES). A Bioelectrochemical System is a device in which biocatalysts are used to perform oxidation and/or reduction reactions at electrodes (Rabaey et al. 2010) . In BESs, the anode acts as an insoluble electron acceptor for the microbial respiration (Rabaey et al. 2010) . In environments where electron acceptors are deficient (e.g. marine sediments, underground waters) or where they have been depleted due to the presence of important amounts of carbon source, BESs can be used to stimulate the microbial activity (Daghio et al., , 2017 . The potential of BES for the bioremediation of hydrocarbon contaminated environments has been studied only with lab-scale experiments. For a complete evaluation of the advantages of this technology data from field scale plants are still required (Daghio et al. 2017) . Morris and Jin (2008) used a BES to couple hydrocarbon removal with electric power production (Morris and Jin 2008) . BTEX degradation in BES has been observed with pure cultures (Zhang et al. 2010; Friman et al. 2013; Sun et al. 2014; Lai et al. 2016) and with microbial communities (Lin et al. 2014; Wu et al. 2014; Daghio et al., 2016 Daghio et al., , 2018 .
However, the electroactive capacity of many hydrocarbonoclastic microorganisms has not been assessed and the characterization of novel electroactive hydrocarbonoclastic bacterial strains may contribute to the development and application of BES in bioremediation.
C. metallidurans CH34 is a facultative anaerobe and metalresistant bacterium that has been extensively studied for its resistance to Cr(VI), Hg(II), Pb(II) and other heavy metals (Monchy et al. 2006; Zhang et al. 2009; Monsieurs et al. 2011; Rojas et al. 2011) . The genome of C. metallidurans CH34 has been sequenced and mostly annotated (Janssen et al. 2010) . Recently, a metabolic reconstruction of aerobic aromatic catabolic pathways was performed on strain CH34 (Millacura et al. submitted) . Functionality of the predicted pathways was confirmed by growing strain CH34 on benzene, toluene, o-xylene and other aromatic compounds as sole carbon and energy sources (Millacura et al. submitted) . Moreover, strain CH34 possesses a complete denitrification pathway and anaerobic growth was studied in order to (i) investigate the physiology of strain CH34 in anoxic environments and (ii) investigate the possibility to use this strain on the anodic chamber of a BES, where anoxic conditions are necessary.
Due to the catabolic potential of this strain for the degradation of aromatic hydrocarbons under aerobic conditions, and as strain CH34 is a facultative anaerobe, the capacity of C. metallidurans CH34 to remove toluene under anoxic conditions was studied.
The aims of this study are to investigate the physiology of strain CH34 during anaerobic growth with toluene coupled to the reduction of (i) the soluble electron acceptor nitrate or (ii) an electrode in BES to investigate the exoelectrogenic capacity of the strain.
MATERIALS AND METHODS

Chemicals and media
Toluene (>99.9% purity) and sodium nitrate were obtained from Sigma-Aldrich (St. Louis, MO, USA). Minimal medium (M9) contained (per liter): Na 2 HPO 4 (7 g); KH 2 PO 4 (3 g); NaCl (0.5 g); NH 4 Cl (1 g); 2.7 mL of MgSO 4 (1 M); 0.13 mL of CaCl 2 (1 M) and 2. 
Bacterial strain and culture conditions
Cupriavidus metallidurans is deposited into the BCCM/LMG public strain collection (http://bccm.belspo.be) as strain LMG1195. C. metallidurans CH34 possesses the genes for denitrification. Distinct types of nitrate reductases have been annotated (NAS, NAR and NAP) and seemingly full denitrification from nitrate to molecular nitrogen is possible in CH34 due to the presence of key genes: narG or napA encoding a nitrate-reductase, nirS gene encoding a nitrite-reductase, the norB gene encoding a nitric-oxide reductase, and a nosZ gene coding for a nitrous-oxide reductase (Janssen et al. 2010) . However, the expression of these genes in C. metallidurans CH34 has never been studied so far.
Strain CH34 was grown in LB medium, then stocked in cryotubes (stored at −80
• C) that were used as inoculums for all the experiments. C. metallidurans CH34, was preincubated for 12 h at 30
• C in LB medium under aerobic conditions, reaching a turbidity at 600 nm (turbidity 600 ) of 0.6-0.8 and then washed 4 times with sterile M9 medium. Bacterial cells were then incubated for 50 h at 30
• C in 60 mL sealed anoxic serum bottles (SB) with M9 mineral medium with trace solution and nitrate (436 mg/L). (Philippot, Martin-laurent and Germon 2002) 
2650r TTTTCGTACCACGTGGC
Toluene was the sole carbon and energy source. Anaerobic conditions were obtained by flushing the medium with sterile N 2 for 30 min and resazurin (1 mg/L) was added as indicator for anoxic conditions. Growth was determined by measuring turbidity at 600 nm. Turbidity 600 values were calculated as the mean ± SD of three independent experiments.
Toluene and nitrate analysis
Toluene concentration was determined by gas chromatography with an Agilent 6890N instrument with a flame ionization detector equipped with a headspace autosampler (Agilent 7697A) (EPA method 5021A) (EPA 2003) . Standard curve for toluene quantification was obtained with high purity toluene.
Nitrate-N was measured using a spectrophotometric test kit (Hach-Lange, LCK340 and LCK339).
Student's t-test for two-samples comparison was used and performed with Microsoft Excel Data Analysis Tool. The significance level was considered as p < 0.05.
Isolation of total RNA, reverse-transcription and PCR amplification
Total RNA was extracted from CH34 cells using Fast RNA ProSoil-Direct kit (MP Biomedicals, Illkrich, France). The protocol for RNA extraction from soil was optimized for bacterial cells. Samples for RNA extraction were processed immediately after sampling. 3 mL of liquid culture (turbidity 600 between 0.1-0.6) were centrifuged for 5 min at 500 x g and 4
• C to preserve RNA integrity. Resulting cell pellet was resuspended in the lysing matrix solution and the protocol was followed according to the manufacturers' recommendations. DNase treatment was carried out using the RNase-Free DNase Set (Promega, Madison, WI, USA) to remove any residual DNA, and quantified using a Qubit fluorometer (Life Technologies, Carlsbad, CA, USA). Reverse transcription-PCR (RT-PCR) was carried out with sequence-specific primers for narG (RMET RS10375) and rpoB (RMET RS16720) genes by using GoScript Reverse Transcription System (Promega, Madison, WI, USA). The oligonucleotides were adapted from published specific primers using MEGA7 software. Primers used in this study are listed in Table 1 . The narG gene was amplified by primers 1960f and 2650r (Table 1) and thermal cycling was carried out by an initial denaturation step of 4 min at 94
• C; 38 cycles consisted of a denaturation step 30 s at 94
• C, a primer annealing step of 30 s at 53
• C, and an elongation step of 45 s at 72 • C; cycling was completed by a final elongation step of 6 min at 72
The rpoB, a housekeeping gene that encodes the β subunit of bacterial RNA polymerase, was used as positive control for RNA extraction and retrotranscription. The rpoB gene was amplified by primers 1698f and 2041r (Table 1) and thermal cycling was performed with an initial melting step at 94
• C for 4 min, followed by 27 cycles of denaturation at 94
• C for 30 s, annealing at 56
• C for 30 s, and elongation at 72
• C for 40 s, and a final elongation step at 72
• C for 10 min.
Biodegradation assays: reactors set-up, operation and experimental conditions
The capacity of C. metallidurans CH34 to metabolize toluene under anoxic conditions was studied. Strain CH34 was grown anaerobically in 60 mL of M9 medium in sealed SB flushed with sterile N 2 , as described previously. Toluene (60 mg/L) was used as sole carbon source. NaNO 3 was used to provide nitrate as electron acceptor. Samples were periodically collected to determine toluene concentration, turbidity 600 and nitrate concentration. The cells were sampled at day 8 for RT-PCR assays. Two control experiments were performed: in the first one a batch culture of strain CH34 was supplemented with succinate (436 mg/L) as sole carbon source and nitrate as sole electron acceptor, to compare the expression of narG and rpoB with a different carbon source. In the second one, a batch culture of strain CH34 was supplemented with succinate (436 mg/L) as sole carbon source in presence of oxygen (no nitrate was supplemented), to determine if narG is constitutively expressed even in absence of nitrate.
For bioelectrochemical experiments, dual-chamber custommade three-neck glass reactors separated by a cation exchange membrane (Ultrex CMI-7000S, Membranes International Inc., USA) with 320 mL total volume were used. Graphite rods of 8 cm 2 (geometric area) were used as anodes and graphite rods of 11 cm 2 as cathodes. No additional catalyst was used on the cathode. The system was autoclaved at 120
• C for 30 min, filled with M9 minimal medium and flushed for 30 min with sterilefiltered N 2 to eliminate dissolved oxygen. Preliminary abiotic tests with resazurin as indicator for absence of dissolved oxygen were performed to ensure that no external oxygen was introducing into the system. A self-made power supply was used for the experiments (Daghio et al. 2018) . Current production was measured with a data logger (Grant-Logger Type 2010), using 1 k resistance. A Microbial Electrolysis Cell (MEC) inoculated with a pure culture of C. metallidurans CH34 was set to assess the stimulation of toluene removal in BES by applying an external voltage (800 mV) between the anode and the cathode, following the methodology of Daghio et al. (2018) . One control without cells and one control operated under open circuit potential conditions (OCP) were operated in parallel.
A measure of the efficiency of the electrode as electron acceptor is the Coulombic efficiency (CE) that is calculated as the ratio of total coulombs actually transferred to the anode and theoretical coulombs produced if all substrate consumed would have produced current. CE was calculated following the methodology of (Liu and Logan 2004) and the error propagation was calculated by taking into account the instrument error (0.2%) and the standard deviation of toluene analysis according to (Bevington and Robinson 2003) . 
RESULTS AND DISCUSSION
Anaerobic toluene degradation by C. metallidurans CH34 under nitrate-reducing conditions
The degradation of toluene in anaerobic SB inoculated with C. metallidurans CH34 and with nitrate as sole electron acceptor was assessed. Bacterial cells were cultured anaerobically in mineral medium using toluene (∼60 mg/L) as sole energy and carbon source and NO 3 − (436 mg/L) as sole terminal electron acceptor. In order to determine if toluene concentrations in the abiotic system are statistically different from the inoculated one, student's t-test for two-samples was performed. Based on student's t-test, we observed that toluene concentrations between the biotic and the abiotic system differ significantly since day 5, with the exception of day 6, when toluene was added to the biotic BES. Under these conditions, strain CH34 was able to degrade up to 45 mg/L of toluene within 17 days (3 mg/L·day), corresponding to 73% of toluene removal during the second batch cycle. Bacterial growth was observed during the experiment, and gas production was reported by observing overpressure inside the SB during sampling (but not analyzed). The highest growth was achieved during the third batch cycle and the maximum tubidity 600 was 1.3 (S1 Fig.) . The terminal electron acceptor NO 3 − was depleted concomitantly with toluene removal (S2 Fig.) .
The decrease of toluene in the biotic system and the increase of biomass in the bottles, indicate that strain CH34 effectively degraded toluene, using it as sole carbon source (Fig. 1) . C. metallidurans CH34 possesses the genes encoding pathways for the degradation of various recalcitrant organic compounds, including benzene, toluene, o-xylene and phenol under aerobic conditions. Moreover, the aerobic degradation of benzene and other aromatic compounds by strain CH34 was recently reported (Millacura et al., submitted) . However, anaerobic hydrocarbon degradation by strain CH34 has not been reported (Janssen et al. 2010) . Strain CH34 harbours the genes encoding for the benzoylCoA reductase (boxA and boxB genes), thus benzoate might be degraded anaerobically via the central metabolite benzoyl-CoA (instead of catechol) in an alternate pathway requiring the products of box genes (Janssen et al. 2010) . Since benzoyl-CoA is an intermediate of the anaerobic toluene catabolic pathway (Leutwein and Heider 2001) , a possible anaerobic toluene degradation pathway that has not been annotated in the genome of the strain might be present. This study demonstrates that strain CH34 possess the phenotypic traits to degrade toluene under nitrate-reducing condition, nevertheless the complete pathway for anaerobic degradation of this compound has not been annotated in the genome.
In order to validate the analytical (toluene removal) and biological (bacterial growth) data, expression analysis of the narG and rpoB genes encoding nitrate reductase alpha subunit and the β subunit of bacterial RNA polymerase respectively, was performed. The narG and rpoB transcripts were detected during exponential phase of strain CH34 grown with toluene or succinate (as control with a non-recalcitrant substrate) and using nitrate as sole electron acceptor (Fig. 2) . However, in the control assay with oxygen, the expression of the narG gene was not detected (nor expected). The expression of the narG gene suggests that the nitrate reductase is active under anoxic conditions in the presence of nitrate with both toluene or succinate.
The expression of nitrate reductase gene narG was observed at day 8, when consumption of toluene and nitrate was also observed. Strain CH34 was not able to completely remove toluene (maximum toluene removal was 45 mg/L within 17 days, corresponding to 73% toluene removal). Even though, toluene has been described to be fully depleted under denitrifying conditions in 20-40 days (depending on the amount of toluene added) with mixed culture (Dou, Liu and Hu 2008) , more incubation time was probably needed to achieve complete removal with a pure strain. Another possible explanation for slow degradation reported in our study is that one or more products (metabolites) formed during toluene metabolism inhibited further toluene removal. It has also been demonstrated that hydrocarbon-degrading bacteria may undergo a physiological stress response that can affect the efficiency of the process (Mirpuri et al. 1997; Agulló et al. 2007; Agulló, Pieper and Seeger 2017) .
Exoelectrogenic capacity during toluene degradation in BES
MECs operated with a power supply have been suggested for treatment or pre-treatment of hydrocarbon-contaminated refinery wastewaters (Ren et al. 2013 ) and a broad range of voltages have been used to stimulate microbial metabolism (Wagner, Call and Logan 2010) . The use of higher anode potentials to support current production and bacterial growth has been demonstrated. (Busalmen, Esteve-Nuñez and Feliu 2008) polarized the anode of a MEC inoculated with G. sulfurreducens at + 800 mV and + 300 mV (vs SHE) and reported that higher current outputs were produced at + 800 mV. Based on previous experiments with toluene in BESs using a power supply (Daghio et al. 2018) , we applied 800 mV as whole cell voltage.
In this study, three MECs with toluene as sole carbon source were set and operated for 120 days: one was inoculated with a pure culture of C. metallidurans CH34, one operated at OCP and one abiotic control. Toluene respikes were performed in both biotic and abiotic MEC when toluene concentration decreased significantly. In the abiotic MEC, toluene was added only twice, at day 2 and day 10. After this period, the concentration of toluene in the abiotic BES remained stable between 50 mg/L and 60 mg/L until the end of the experiment, and toluene was not further added (Fig. 3) . In the abiotic control, an initial toluene loss may be attributed to adsorption processes, which has been reported in BES when graphite electrodes are used with hydrocarbon-rich matrices (Zhang et al. 2010; Rakoczy et al. 2013;  Daghio et al., 2016 Daghio et al., , 2018 . However, constant current densities (∼10 mA/m 2 ) during the whole experiment demonstrate that no electrochemical oxidation of toluene was achieved in the control BES (Fig. 3) . By analyzing toluene concentrations in the inoculated and control MEC, we observed that toluene concentration is not statistically different between the biotic and abiotic MEC before day 21. A decrease of toluene concentration in the abiotic MEC is probably due to adsorption processes on the anode surface. However, statistically significant differences between treatments (p < 0.05) were observed at day 21 and from day 44 until the end of the experiment, indicating that the decrease of toluene in the biotic MEC is associated to bacterial degradation. The last respike was performed at day 90 only to the biotic MEC and toluene concentration was monitored until no toluene was further removed. Turbidity 600 was monitored (S3 Fig.) in the MEC, and the bacterial growth is consistent with current production and substrate removal (Fig. 3) . By overlapping turbidity 600 and current curves (S3 Fig. and Fig. 3 ), a correlation between these two variables is observed. It can be noticed that the increase of biomass led to an increase in current. Moreover, when the substrate (toluene) is consumed, growth and current curves tend to decrease.
Toluene removal was observed in the inoculated MEC, and up to 51 mg/L of toluene were removed within 18 days (3 mg/L·day), corresponding to 87% of toluene removed. Toluene depletion was also observed in the MEC operated at OCP, but only 10% of toluene removal was reported within 22 days, corresponding to a daily diminishment of 0.3 mg/L·day (S4 Fig.) . In the OCP control, no electron acceptors were introduced and the anode, being disconnected from the cathode, should have not acted as electron acceptor. By comparing the removal rates in the three conditions studied (3 mg/L·day in SB with nitrate as electron acceptor, 3 mg/L·day in MEC with anode as electron acceptor, 0.3 mg/L·day in BES operated at OPC), we observe that toluene is degraded at the same rate in SB and in the MEC. In fact, the use of BES-based technologies applied to bioremediation is sustained by other advantages that are not necessarily related to its efficiency. The possibility to control the process by altering the potential of the electrode, the low costs associated with the process, the selectivity towards the target compounds (Daghio et al. 2017) are some of the advantages of this technology compared to classical bioremediation.
Moreover, the removal rate in the OCP control is very low (0.3 mg/L·day) and 10-fold lower compared with the other conditions (SB and MEC). This is due to the fact that in the OCP system, the anode could not function as electron acceptor, and bacterial respiration could not be sustained.
Current densities in the biotic MEC increased with time, while in the abiotic control current densities reached a steady state of about 10 mA/m 2 after 8 days. Maximum current densities of about 48 mA/m 2 were observed during the experiment in MEC and were coupled to toluene removal. Comparable maximum current outputs (86 mA/m 2 ) were achieved in MECs by (Lu et al. 2014 ) during hydrocarbon degradation in soil and by Venkidusamy and Megharaj (2016) who achieved a maximum power of 21 ± 3 mA/m 2 in a BES inoculated with a pure culture of Rhodopseudomonas palustris strain RP2 using diesel as carbon source.
Coulombic efficiency was studied in order to determine if the anode is a suitable electron acceptor for strain CH34. Batch cycles and CE are shown in Table 2 . CE from days 0 to 10 are not reported due to toluene adsorption process reported in the abiotic reactor that could affect the CE calculation. CE increased with time, from 11.4 ± 0.8% in the first batch cycle, to 76.8 ± 2.1% in the last one. We hypothesize that the increase in CE is due to a cellular adaptation to the environmental condition and to biofilm formation that enhances electron transfer (Ailijiang et al. 2016) . Lower values (46.7 ± 1.3%) have been reported by (Venkidusamy and Megharaj 2016) . In accordance with our study, low CE values (up to 11.62%) with hydrocarbons as carbon source are reported in literature .
CONCLUSIONS
The capacity of C. metallidurans CH34 to degrade toluene under nitrate-reducing conditions was demonstrated for the first time in this study.
The exoelectrogenic capacity of the hydrocarbonoclastic C. metallidurans strain CH34 was determined. Toluene removal coupled with current generation by C. metallidurans CH34 was observed in MEC. Results of current production, CE and toluene removal obtained in MECs by C. metallidurans CH34 showed its capacity for bioelectrochemical hydrocarbon remediation. Further studies are needed to elucidate the mechanism of electron transfer by this strain, and different reactor configurations should be explored to improve current production. The removal of toluene was studied in this work, but the heavy metal resistance and the autotrophic metabolism in strain CH34 offer interesting possibilities to study the removal of heavy metals at the cathode.
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